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Abstract

Protocols for the isolation of peripheral blood mononuclear cells (PBMCs) from whole blood vary
greatly between laboratories, especially in published studies of SARS-CoV-2-specific T cell
responses following infection and vaccination. Research on the effects of different wash media
types or centrifugation speeds and brake usage during the PBMC isolation process on
downstream T cell activation and functionality is limited. Blood samples from 26 COVID-19-
vaccinated participants were processed with different PBMC isola’ion methods using either PBS
or RPMI as the wash media with high centrifugation speed and "ra.'es or RPMI as the wash
media with low speed and brakes (RPMI+ method). SARS-CoV-." spike-specific T cells were
guantified and characterized via a flow cytometry-basecd -~u.ation induced markers (AIM) assay
and an interferon-y (IFNy) FluoroSpot assay and respc.asce~ were compared between
processing methods. Samples washed with RPMI - hewed higher AIM* CD4 T cell responses
than those washed with PBS and showed a sF ft away from naive and towards an effector
memory phenotype. The activation mair, =2r OX40 showed higher SARS-CoV-2 spike-induced
upregulation on RPMI-washed CD4 7 el s, while differences in CD137 upregulation were
minimal between processing mehcs. The magnitude of the AIM* CD8 T cell response was
similar between processing metr 2ds but showed higher stimulation indices. Background
frequencies of CD69" LR T :ells were increased in PBS-washed samples and were
associated with higher b~seline numbers of IFNy-producing cells in the FluoroSpot assay.
Slower braking in the RPMI+ method did not improve detection of SARS-CoV-2-specific T cells
and caused longer processing times. Thus, the use of RPMI media with full centrifugation
brakes during the wash steps of PBMC isolation was found to be most effective and efficient.
Further studies are needed to elucidate the pathways involved in RPMI-mediated preservation

of downstream T cell activity.
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Abbreviations

AIM — Activation induced markers

CHLA - Children’s Hospital Los Angeles

COVID-19 — Coronavirus disease 2019

DMSO - Dimethyl sulfoxide

EDTA — Ethylenediaminetetraacetic acid

ELISpot — Enzyme-linked immunosorbent spot

FACS — Fluorescence-activated cell sorting

HEPES — N-2-hydroxyethylpiperazine-N-2-ethane sulfonic a :id
HLA — Human leukocyte antigen

IFNy — Interferon-y

IQR — Interquartile range

MP — Megapool

PBMC — Peripheral blood mononuclear ~ell

PBS — Phosphate-buffered saline

PHA — Phytohemagglutinin-L

PVDF — Polyvinylidene diflu~ride

RPMI — Roswell Park “emoral Institute 1640 medium
RT-PCR — Reverse tran<.ription polymerase chain reaction
SARS-CoV-2 — Severe acute respiratory syndrome coronavirus 2
SFC - Spot forming cells

S| — Stimulation index

Tcwm cell = Central memory T cell

Tewm cell — Effector memory T cell

Temra cell — Terminally differentiated effector memory T cell

Ty cell = Naive T cell



1. Introduction

Throughout the COVID-19 pandemic, researchers have quantified and characterized T
cell responses to SARS-CoV-2 infection and COVID-19 vaccination using a variety of methods,
including ELISpot and FluoroSpot assays (Naranbhai et al., 2022; Tarke et al., 2021) and the
agnostic activation induced marker (AIM) assay (Dan et al., 2021; Goel et al., 2021; Painter et
al., 2021). These techniques require the maintenance of T cell functionality and viability during
lymphocyte isolation from whole blood in order to differentiate SA'RS-CoV-2-specific cells from
background populations. Detection of rare antigen-specific T ce'i puuiations can be further
improved by minimizing baseline T cell activation. Over a de ~ade ago, a T cell workshop
committee reviewed the literature to identify practices d.i.xqg peripheral blood mononuclear cell
(PBMC) isolation that were most beneficial for detectic.1 o1 -are antigen-specific T cell
populations, specifically to improve detection of isic*-<pecific T cells for type | diabetes research.
The authors of the review found limited dz. 2 .1 the effects of different wash media, or
centrifugation speed and brake usage, u.'ring the isolation process on downstream T cell
activation and functionality (Mallone et al , 2011)., To our knowledge, no studies have filled this
gap in the literature in the years sinc~ the review’s publication.

During the PBMC isc'atio', process, researchers report using a range of media during
the wash steps; the m.ost ~armmonly used are RPMI-1640 medium (RPMI) and phosphate
buffered saline (PBS) sc.ution (Gautam et al., 2019; Protocol No. DMID-OCRR-SOP-002, 2021;
Rydyznski Moderbacher et al., 2020). Centrifugation speeds and brake usage during PBMC
isolation also vary considerably between protocols from different laboratories (Higdon et al.,
2016; Kemp et al., 2020; Protocol No. DMID-OCRR-SOP-002, 2021). Here, we processed
PBMC samples from COVID-19 vaccinated individuals using either PBS or RPMI as the wash
media and using two different centrifugation speeds and brake settings. We compared
downstream T cell activity using a flow cytometry-based AIM assay that quantified and

characterized SARS-CoV-2-specific CD4 and CD8 T cells. We also compared the effect of



processing method on the individual upregulation of activation markers OX40, CD69, and
CD137 on T cells following stimulation with the SARS-CoV-2 spike protein. Lastly, a FluoroSpot
assay was used to compare SARS-CoV-2-induced expansion of interferon-y (IFNy)-producing
cells in a subset of samples. Our data provides a side-by-side comparison of different wash
media types and centrifugation speed and brake settings for improving T cell performance in

functional assays to aid in the identification of rare antigen-specific populations.

2. Methods
2.1 Study participants and specimen collection

All participants (Table 1) were enrolled in a Norr«. Lenor study for assay optimization at
Children’s Hospital Los Angeles (CHLA) through a cor ven.>nce recruitment strategy and by
word of mouth. Basic demographic information. C'/'0-19 vaccination, and RT-PCR-confirmed
SARS-CoV-2 infection history were taken ~t e.irollment. Written consent was obtained from all
participants, and the study was approve.' by the institutional review board of CHLA (CHLA-18-
00098).

Blood was collected fror pa.ticipants between August and December 2022 by trained
clinical research staff at CHLA’s .rive-thru collection center. A total of 40 to 60 mL blood was
collected from each p.-tic narit in ethylenediaminetetraacetic acid (EDTA) tubes. Blood samples
were transported to the .Looratory and processed within 2 hours after collection.

2.2 PBMC processing methods

Three PBMC isolation methods were compared in the present study; they are referred to
as the “PBS,” “RPMI,” and “RPMI+” methods and their differences are outlined in Table 2.

2.2.1 PBS method

For the PBS method, blood samples in EDTA tubes were centrifuged in a Sorvall
Legend X1R centrifuge (ThermoFisher Scientific, Waltham, MA, USA) for 10 minutes at 1200xG

and at maximum acceleration and deceleration settings (acceleration: 9; deceleration: 9). The



top plasma layer was removed and stored, and the remaining blood was reconstituted to the
original volume with phosphate buffered saline, pH 7.4 (PBS) (Gibco, ThermoFisher Scientific,
Waltham, MA, USA). The tubes were then gently mixed by inversion, and the blood was
transferred to Leucosep tubes (Greiner Bio-One, Kremsmdunster, Austria) for centrifugation at
1000xG for 10 minutes, without brakes (deceleration: 0). The PBMC buffy coat was transferred
into a sterile 50 mL conical tube, and the cells were washed twice in 35 mL PBS using a
centrifugation setting of 400xG for 10 minutes at maximum deceleration. Then, the cells were
resuspended in 20 mL PBS for cell counting using an automater: cc'l counter (DeNovix,
Wilmington, DE, USA) and spun down for 10 minutes at 400 <G < nd maximum deceleration.
2.2.2 RPMI method

For the RPMI method, all steps were the same 1s ."e PBS method except that the blood
reconstitution and PBMC wash steps used RPV!-. 347, medium + 2.05 mM L-glutamine (Cytiva,
Marlborough, MA, USA) instead of PBS.
2.2.3 RPMI+ method

For the RPMI+ method, the rec nssitution and wash steps were also performed with
RPMI-1640 medium, but at lowe ¢ contrifugation speeds and deceleration settings. Briefly, whole
blood was centrifuged for 1C mir..tes at 800xG, without brakes, for the initial plasma separation
step. Then, blood dilv’~d 'n a 2:1 ratio of RPMI to the original volume and was overlaid on Ficoll-
Paque Plus (Cytiva, Mar'-.orough, MA, USA). The PBMC buffy coat separation spin was for 25
minutes at 800xG, without brakes. After isolation of the buffy coat, cells were washed once with
35 mL RPMI and centrifuged for 10 minutes at 400xG, low brakes (deceleration: 4) before
resuspension in 20 mL RPMI for cell counting. The final centrifugation spin before freezing was
at 200xG for 10 minutes, no brakes.
2.2.4 Cryopreservation

For storage, all PBMC samples were resuspended in 10% dimethyl sulfoxide (DMSO)

(VWR International, Radnor, PA, USA) in heat inactivated fetal bovine serum (Genesee



Scientific, San Diego, CA, USA) at a concentration of at least 5x10° cells/mL and aliquoted to
cryovials. Cryovials were immediately moved to —80°C freezers for step-down freezing at -
1°C/minute in a Mr. Frosty isopropyl alcohol cell cooler (ThermoFisher Scientific, Waltham, MA,
USA) for at least 24 hours before moving to liquid nitrogen for storage.
2.3 SARS-CoV-2 activation induced markers (AIM) T cell assay

An AIM T cell assay was used for detection of SARS-CoV-2 spike-specific T cells (Dan
et al., 2021). Briefly, PBMCs were thawed and resuspended in HR:5 medium (RPMI-1640 + 25
mM HEPES [Gibco, ThermoFisher Scientific, Waltham, MA, US 1] < ipplemented with 5%
human AB serum [GeminiBio, Sacramento, CA, USA], 1% C wta, 1AX [ThermoFisher Scientific,
Waltham, MA, USA], and 200 mM Penicillin/Streptomyc’: 'S.xma-Aldritch, St. Louis, MO, USA])
containing 20 units/mL benzonase nuclease [Millipore<igi. a, Burlington, MA, USA]). Cells were
seeded into a microtiter plate at 1x10° cells per 've" a’d rested overnight in HR5 medium at
37°C and 5% CO,. Then, cells were stimvu’ater. for 23-24 hours with either 1 pg/mL DMSO, 1
pg/mL spike megapool (Spike MP, kina, ‘ provided by La Jolla Institute for Immunology), or 10
pHg/mL phytohemagglutinin-L (PHA) ('(liporeSigma, Burlington, MA, USA) in HR5 medium.
Spike MP is a peptide pool that .o1.*ains overlapping 15-mer peptides spanning the entire
SARS-CoV-2 spike protein. Afte) stimulation, cells were stained with 1:100 Zombie UV viability
dye (BioLegend, San Nie o, (A, USA) in PBS followed by the antibody cocktail presented in
Supplementary Table 1. ~ells were then resuspended in FACS Buffer (2% FBS, 0.1% sodium
azide in PBS) and analyzed using a BD LSR Il flow cytometer (BD Biosciences, San Diego, CA,
USA). Compensation beads were included for each run. All analyses were performed using the
FlowJo software version 10.8.1 (BD Biosciences, San Diego, CA, USA).

Gating strategies for CD4 and CD8 T cells can be found in Supplementary Fig. 1A. AIM*
CD4 and CDS8 T cells were defined as CD134 (0OX40)'CD137" (Supplementary Fig. 1B) and
CD69'CD137" (Supplementary Fig. 1D), respectively. Classification of memory subsets was

determined by CCR7 and CD45RA staining (CD45RA'CCR7", naive [Ty]; CD45RA'CCR7",



central memory [Tcv]; CD45RA CCRY7, effector memory [Tey]; CD45RA'CCR7, terminally
differentiated effector memory [Teura]) for both CD4 and CD8 T cells (Supplementary Fig.
1C,E). Memory phenotyping was performed on samples with a Spike MP AIM* T cell stimulation
index greater than 2. Gating strategies for AIM* CD4 and AIM* CD8 T cells, single OX40, CD69,
and CD137 expression, and memory subsets were determined using fluorescence minus one
controls. All samples showed sufficient PHA-stimulated polyclonal expansion, defined as over
10% AIM* CD4 or CD8 T cells, for at least one processing methor'.
2.4 SARS-CoV-2 interferon-y (IFNy) FluoroSpot assay

An IFNy FluoroSpot assay was additionally used for « (ete.'tion of SARS-CoV-2-specific T
cells (Mateus et al., 2020). Briefly, PVDF membrane FlvZ oot plates (Mabtech, Stockholm,
Sweden) were coated with 5 pg/mL coating antibody ir P S (anti-IFNy [clone: 1-D1K]; Mabtech,
Stockholm, Sweden) overnight at 4°C. PBMCs v.e. » thawed and resuspended in HR5 medium
supplemented with 20 units/mL benzonas' - nu :lease. Cells were counted and seeded into a
microtiter plate at 2.5x10° cells per wel “here cells were stimulated with either 1 yg/mL DMSO,
1 pg/mL Spike MP, or 10 yg/mL PHA i't HR5 medium for 23-24 hours. All stimulations were
performed in triplicate. After stin ul.'ion, plates were washed with PBS-0.05% Tween20 (Sigma-
Aldrich, St. Louis, MO, USA’ anc incubated for 2 hours at room temperature with detection
antibody (anti-IFNy-B*M clor.e: 7-B6-1]; Mabtech, Stockholm, Sweden) in PBS-0.1% bovine
serum albumin (Rocklar Immunochemicals, Gilbertsville, PA, USA). The plates were washed
again and incubated for 1 hour in the dark with the fluorophore-conjugated antibody solution
(anti-BAM-490; Mabtech, Stockholm, Sweden). Plates were read by a Mabtech IRIS FluoroSpot
reader (Mabtech, Stockholm, Sweden). Responses are reported as the average number of spot
forming cells (SFC)/10° PBMC from the triplicate.
2.5 Statistics

The magnitude of the spike-specific T cell response is reported as the difference

between the proportions of AIM* CD4 or CD8 T cells (AIM assay) or numbers of SFC/10° PBMC



(FluoroSpot assay) in the Spike MP-stimulated condition and the DMSO-stimulated condition.
The stimulation index (SI) is defined as the fold change in the proportion of AIM* T cells or
SFC/10° PBMC in the stimulated condition over the DMSO condition. Comparisons between
paired samples for each processing method were computed using the Wilcoxon signed-rank
test. Correlations were calculated by Spearman’s correlation coefficient. All statistical tests were
performed using GraphPad Prism version 9 (San Diego, CA, USA) with a two-tailed p-value

<0.05 considered significant.

3. Results
3.1 Study participants and demographics

One blood sample was collected from each of 735 . ~rticipants following COVID-19
vaccination. At each collection, blood samples froi. th2 same participant were split into equal
volumes and processed according to eithe < thr. PBS, RPMI, or RPMI+ processing method.
Blood from two participants was proces.<d using only two methods due to small blood
collection volumes; all other participan’s had sufficient blood volumes to allow for all three
processing methods.

The participants’ der~ogr..phic information can be found in Table 1. All participants
received at least the r-imry «eries of a COVID-19 vaccine. Most participants (92.3%) reported
receiving an mRNA vacr¥ e for their primary series and booster. The two participants who
reported receiving Ad26.COV2.S for their primary series received an mRNA vaccine as a
booster dose. One participant had completed only an mRNA vaccine primary series at the time
of blood collection and had not yet received a booster dose. Two participants received the
bivalent mRNA-1273.214 vaccine as a booster dose. The median time since last vaccine dose
for all participants was 277 days (IQR: 244-338 days). Half of the participants reported at least
one previous SARS-CoV-2 infection, and the median time since last infection was 233 days

(IQR: 65-316 days) for convalescent participants.



3.2 Spike-specific CD4 T cell responses by processing method

We compared CD4 T cell responses to the SARS-CoV-2 spike protein between PBMC
samples processed using the PBS, RPMI, and RPMI+ methods by the flow cytometry-based
AIM assay (Fig. 1A). The frequency of background AIM™ CD4 T cells did not significantly differ
between processing methods (Fig. 1B). Following PHA stimulation, RPMI+-processed samples
showed significantly lower frequencies of AIM* CD4 T cells than PBS- or RPMI-processed
samples (median % AIM" of total CD4 T cells, RPMI+ [24.1%)] vs. PBS [29.4%)] and RPMI
[28.7%], both p=0.034; Fig. 1C).

The magnitude of spike-specific CD4 T cell response s we s either significantly higher or
trended higher in samples processed using the RPMI m~:ho! compared with the other methods
(median spike-specific CD4 T cell magnitude, RPMI [0 13-41 vs. PBS [0.10%] and RPMI+
[0.11%)], p=0.020 and p=0.05, respectively; Fig. 1"« F,owever, there were no observable
differences in the stimulation indices of Al’1* C D4 T cells when comparing between the
processing methods (median AIM* CD= T cell stimulation index, PBS [23.3] vs. RPMI [26.5] vs.
RPMI+ [26.6], all p>0.10; Fig. 1E). We the:n checked whether the processing method shifted the
phenotypic composition of these ai.‘igen-specific populations (Fig. 1F). Both RPMI- and RPMI+-
processed samples were ac~ocli.ed with lower proportions of Ty cells compared with PBS-
processed samples (rrea an o Ty of AIM™ CD4, RPMI [15.5%)] and RPMI+ [14.6%] vs. PBS
[22.6%], p=0.038 and p~".007, respectively; Fig 1G). This reduction corresponded with a
significant increase in the proportion of Tgy cells for RPMI-processed samples, which also
trended higher for RPMI+-processed samples (median % Tgy of AIM® CD4, RPMI [47.8%)] and
RPMI+ [43.7%] vs. PBS [35.5%)], p=0.011 and p=0.10, respectively).

As an alternative analysis, differences in the individual upregulation of the activation
markers OX40 or CD137 on CD4 T cells were considered between processing methods (Fig.
2A-B). Stimulation with the Spike MP induced significantly higher OX40 expression in both

RPMI- and RPMI+-processed samples compared to PBS-processed samples (median spike-



specific OX40" CD4 magnitude, RPMI [0.79%] and RPMI+ [0.76%] vs. PBS [0.52%)], p=0.024
and p=0.027, respectively; Fig. 2E). Stimulation indices also trended higher and were higher for
RPMI- and RPMI+-processed samples over PBS-processed samples (median OX40" CD4
stimulation index, RPMI [22.3] and RPMI+ [27.7] vs. PBS [11.3], p=0.10 and p=0.008,
respectively; Fig. 2F). In contrast, the differences in the upregulation of CD137 on CD4 T cells
between processing methods were relatively minor (Fig. 2G-J).

3.3 Spike-specific CD8 T cell responses by processing methcd

SARS-CoV-2 spike-specific CD8 T cells were also identi‘ieu by the AIM assay and
compared between the different processing methods (Fig. 3.1). 5 expected, we observed
higher background frequencies of AIM* CD8 T cells thar. Aln'" CD4 T cells, but background
AIM* CD8 levels did not significantly differ between prczew~ing methods (Fig. 3B). Frequencies
of AIM* CD8 T cells in PHA-stimulated polyclon:l ¢ «xnunsions were also similar between
processing methods, except that RPMI-pr .cessed samples showed slightly higher signal
compared with PBS-processed sample. ‘median % AIM* of total CD8, RPMI [61.2%] vs. PBS
[54.7%], p=0.036; Fig. 3C).

Spike-specific CD8 T cel recnonses were highly variable between individuals and did
not show any significant diff~ren..2 in magnitude between the processing methods (Fig. 3D).
However, RPMI- and P, 1l+- yrocessed samples trended higher and showed significantly higher
stimulation indices for A'™ " CD8 T cells, respectively, compared to PBS-processed samples
(median AIM" CD8 stimulation index, RPMI [9.2] and RPMI+ [9.8] vs. PBS [4.4], p=0.07 and
p=0.029, respectively; Fig. 3E). Spike-specific CD8 T cell responses were further characterized
by looking at the memory compartments (Fig. 3F). These populations did not show a noticeable
shift in phenotype between processing methods, except for a slight reduction in T¢y cells in
RPMI+-processed samples compared with PBS-processed samples (median % Ty of AIM*

CD8, RPMI+ [0.5%] vs. PBS [1.1%)], p=0.031; Fig. 3G). However, these comparisons were less



powered than for AIM® CD4 as many PBS-processed samples had AIM* CD8 responses that
were under an Sl of 2.

An alternative analysis was performed for AIM* CD8 T cells to examine differences in
the individual upregulation of the activation markers CD69 and CD137 by processing method
(Fig. 4A-B). Background CD69 expression was significantly lower in RPMI- and RPMI+-
processed samples compared with PBS-processed samples (median % CD69" of total CDS,
RPMI [6.8%] and RPMI+ [6.3%] vs. PBS [10.1%], p=0.018 and p=90.008, respectively; Fig. 4C).
The magnitude of CD69 upregulation on CD8 T cells following $pin> NP stimulation was
significantly higher in RPMI+ samples compared with PBS s imp.2s (median spike-specific
CD69" CD8 magnitude, RPMI+ [4.7%)] vs. PBS [3.0%)], ~» ~1.C19; Fig. 4E). Lower background
expression in RPMI- and RPMI+-processed samples rf su.'ad in increased stimulation indices
for CD69 expression on CD8 T cells, although Fig. b7seline expression made these indices
small across the groups (median CD69" C )8 «timulation index, RPMI [2.0] and RPMI+ [2.2] vs.
PBS [1.4], p=0.010 and p=0.024, respe.tively; Fig. 4F). Similar to CD4 T cells, both background
and Spike MP-induced CD137 expression on CD8 T cells did not significantly differ between
processing methods (Fig. 4G, N Huwever, PHA-stimulated CD137 expression on CD8 T cells
was significantly higher in R?MI- and RPMI+-processed samples compared with PBS-
processed samples (reaan ¢o CD137" of total CD8, RPMI [69.1%] and RPMI+ [66.8%)] vs. PBS
[61.7%], p=0.017 and p—".036, respectively; Fig. 4H). Additionally, simulation indices of Spike
MP-stimulated CD137 expression were significantly higher in RPMI+-processed compared with
PBS-processed CD8 T cells (median CD137* CD8 stimulation index, RPMI+ [5.8] vs. PBS [3.6],
p=0.039; Fig. 4J).

3.4 Spike-specific IFNy-producing T cell responses by processing method

For 19 participants, we assessed functionality of spike-specific T cells using an IFNy

FluoroSpot assay, as previously described (Tarke et al., 2021), and compared their responses

between processing methods (Fig. 5A). Lymphocytes processed by both the RPMI and RPMI+



methods showed significantly lower background production of IFNy compared with PBS-
processed cells (median SFC/10° PBMC, RPMI [3.98] and RPMI+ [2.98] vs. PBS [88.9],
p=0.010 and p=0.003, respectively; Fig. 5B). The numbers of IFNy-producing cells expanded by
PHA stimulation were relatively similar between methods, although the RPMI method trended
slightly higher compared to the PBS and RPMI+ methods (median SFC/10° PBMC, RPMI [4830]
vs. PBS [4271] and RPMI+ [4430], both p=0.07; Fig. 5C). The Spike MP induced highly variable
numbers of IFNy-producing cells between participants, and we dir! not observe a significant
difference in either the magnitude or the stimulation index of Spi’e 1k -stimulated samples by
processing method (Fig. 5D-E).

We calculated the Spearman’s correlation coeffi;~n Yetween the baseline number of
IFNy-producing cells and background CD69" expressica > CD8 T cells in the DMSO-
stimulated samples from 19 participants for which I -ot', assays were run. We found a moderate
correlation between the background frequ -nc» of CD69" CD8 T cells and the baseline number
of IFNy-producing cells when all procescing methods were analyzed together (p=0.30, p=0.025;
Supplementary Fig. 2A). The associad in was even stronger when considering only PBS-
processed samples (p=0.74, p<.021; Supplementary Fig. 2B); this is likely due to the greater
variation in background CD¢ T c..!I activation and FluoroSpot results for PBS-processed

samples over those prace sse d with RPMI.

4. Discussion

The variation in T cell assay protocols between laboratories prompted the creation of the
Minimal Information About T Cell Assays (MIATA) project, which provides recommendations on
the minimum amount of information needed in order to objectively compare immunological data
between research groups (Janetzki et al., 2009). Still, some variables in the PBMC isolation
process, namely the use of different wash medias and the differences in centrifugation speed

and brakes, are understudied in their effect on downstream T cell assays (Mallone et al., 2011).



Investigations on the effect of these variables can improve the reproducibility of T cell assays
and help researchers interpret the quality of cellular immunity studies.

While fresh PBMC samples are known to retain better viability and display less
spontaneous cytokine secretion and baseline activation over frozen PBMCs (Mallone et al.,
2011), we used frozen PBMC samples to provide guidance to researchers conducting studies
where the use of fresh PBMCs in T cell assays may be impractical. Here, we demonstrate that
use of RPMI wash media during PBMC isolation prior to freezing ‘mproved sensitivity for
detecting SARS-CoV-2 spike-specific T cell populations and lowere 1 Lackground T cell
activation. Importantly, the magnitude of the spike-specific CO4  cell response was maximized
when RPMI wash media was used instead of PBS, althr_an *he overall change in frequencies
of AIM* CD4 T cells was relatively minor. Conversely, for vnike-specific CD8 T cells, we
observed no difference in the magnitude of the ras;or.se between processing methods, but
stimulation indices were greatest after RP’ 4l v ashing. Interestingly, spike-specific CD4 T cell
populations also showed a shift from ce:'s with a naive phenotype to an effector memory
phenotype. As COVID-19 vaccine-inul cea responses have been observed to be primarily of the
Tewm and Tey phenotypes in CD4 T =lls (Painter et al., 2021; Tarke et al., 2021), our data
suggests that RPMI-washec' san.nles showed increased sensitivity for detecting this vaccine-
elicited population. Trk's ¢ ntr asts with PBS-washed samples, where activated CD4 T cells
following spike stimulati~~, showed a higher antigen-naive phenotype, possibly reflecting
unspecific bystander activation.

RPMI wash media likely improves detection of antigen-specific T cell responses and
reduces background activation due to the presence of nutrients. RPMI is composed of glucose,
amino acids (with the highest concentrations being L-arginine and L-glutamine), vitamins,
inorganic salts, phenol red, and may be supplemented with additional L-glutamine (Cytiva,
2020). Two major nutritional differences between RPMI and PBS that are well studied for their

role in T cell metabolism are glucose and glutamine (Hope and Salmond, 2021; van der Windt



and Pearce, 2012). Following antigen stimulation, T cells switch their metabolism from oxidative
phosphorylation to lactate fermentation to prioritize macromolecule synthesis in a phenomenon
known as the Warburg effect (van der Windt and Pearce, 2012; Wasinski et al., 2014). Glucose
and glutamine fuel this metabolic shift through the glycolysis and glutaminolysis pathways,
respectively (Carr et al., 2010; Palmer et al., 2015). However, glycolysis and glutaminolysis also
power oxidative phosphorylation and ATP production in resting T cells, signifying the crucial role
of these two molecules in T cell survival and homeostasis in addit’on to activation (Jacobs,
2009; Newsholme, 2001; van der Windt and Pearce, 2012). As -uc., w1e absence of glucose
and glutamine in PBS washes during PBMC isolation may s!‘ess lymphocytes and impair
downstream T cell activities. Follow-up studies could exz!~re whether supplementation of PBS
with the nutrients found in RPMI singularly, or in small ~orn hinations, are sufficient for recovery
of deficient T cell activation and functionality.

Intriguingly, we observed increase’ - ba :kground expression of CD69 on PBS-washed
CD8 T cells, which may be associated v.ith nutrient deprivation during PBMC isolation. The
cGAS-STING signaling pathway inducr:s aroduction of type | interferons in response to cellular
stress, such as starvation and tt e «.hsence of the amino acid arginine (Hopfner and Hornung,
2020; Hsu et al., 2021). Pre ‘ious.y, researchers have found that type | interferons can partially
activate T cells and urvey'ilaf 2 CD69 expression in a T cell receptor-independent manner (Sun
et al., 1998). Therefore, t*.e upregulation of CD69 expression on unstimulated CD8 T cells may
be suggestive of nutritional deprivation during PBS washes, although more research is needed
to confirm this hypothesis. We also observed a correlation between the frequency of
background CD69" CD8 T cells and baseline numbers of IFNy-producing cells, suggesting that
aberrantly activated CD8 T cells in PBS-washed samples may reduce the sensitivity of the
FluoroSpot assay.

Alternatively, background expression of both OX40 and CD137 on CD4 T cells was

lowest in RPMI+-processed samples. However, OX40 expression showed increased



upregulation following SARS-CoV-2 stimulation for both methods that used RPMI wash media
over PBS and did not differ between the two RPMI methods, while the difference in the
upregulation of CD137 between all processing methods was minimal. This suggests that
activation of the OX40 pathway may be more dependent on maintained T cell homeostasis
during PBMC isolation than the CD137 pathway. Future studies could explore whether other T
cell activation markers (such as CD25, CD40L, CD200, HLA-DR, etc.) are more or less
susceptible to impaired activation from PBS-induced stress comp-red with the markers studied
here.

While we explored the effect of slower centrifugation spev ds and lighter braking during
the PBMC isolation process on downstream T cell activi*.zs \.» the RPMI+ method, these
changes produced no clear benefits over the RPMI me’hod Furthermore, slower braking
resulted in an additional 1 hour of processing tir:e, wk.ch increased the delay between blood
collection and cryopreservation. Previous! . in.reased time between collection and freezing has
been associated with reduced T cell viaility and functionality (Bull et al., 2007; Hope et al.,
2021). Thus, we determined the procer.siig method that utilizes RPMI wash media and full
centrifugation braking during the we.sh steps to be the most effective and efficient of the three
methods studied.

Our data has I'mit-tior.s. First, the enhancement of T cell responses when using RPMI
wash media was not uni*_rsal, and thus genetic differences may affect an individual’s ability to
tolerate PBS-induced stress on T cells. Further, we observed trends in our data that may have
shown significance given larger sample numbers. Thus, validation of our conclusions in a larger,
more diverse cohort is needed. Next, the AIM assay was run without replicates due to limitations
of blood collection volume and the number of conditions per sample. Finally, while we used
SARS-CoV-2-specific T cell responses following COVID-19 vaccination as a model, the

beneficial effects of RPMI media during processing should be validated for other rare antigen-



specific T cell populations. Results may also differ in other settings of immunity, such as

following acute infection or in immunocompromised individuals.

5. Conclusions

This study provides one of the first published comparisons of different wash media types
and centrifugation settings during PBMC isolation on downstream T cell activation and
functionality. We found that RPMI-washed samples showed enhariced detection of SARS-CoV-
2-specific T cells over PBS-washed samples through maximizec ac*ection of antigen-specific T
cell responses and decreased background T cell activation. "dow 2ver, slower centrifugation
speeds and lighter braking did not further improve T cel' :~s.2nses, while also significantly
lengthening the time from blood collection to cryoprese.va.:on. Thus, the use of RPMI wash
media and full centrifugation braking during PBMC sc.ation proved most effective and efficient.
Future studies should seek to identify the -oer fic pathways involved in RPMI-mediated T cell
enhancement in an effort to further opti.~nize T cell performance in functional assays and

improve the reproducibility of these assavs between laboratories.
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9. Tables

Table 1. Participant demographics and clinical characteristics.

Characteristic N (%) (n=26)

Sex

Male 13 (50)

Female 13 (50)
Age at blood collection

18-29 14 (54)

30-54 11 (42)

55+ 1(4)
Ethnicity

Hispanic/Latino 9 (32)

Non-Hispanic/Latino 17 (65)
Race

Asian 13 (50) 4

White 11 (42

Other 1(5 |

Multiple 1.1
Primary series vaccine type (manufacturer)

BNT162b2 (Pfizer-BioNTech) 79 (73)

MRNA-1273 (Moderna) £ (19

Ad26.COV2.S (Johnson & Johnson) 2 (8)
Booster vaccine type (manufacturer)

BNT162b2, Monovalent (Pfizer-BioNTech) 19 (73)

mRNA-1273, Monovalent (Moderna) 5 (19)

MRNA-1273.214, Bivalent (Moderni ) 2 (8)

None ~ 14
Previous SARS-CoV-2 infectiol,

Yes |V 12 (46)

No/Unknown N 14 (54)

Table 2. Differences between the PBS, RPMI, and RPMI+ processing methods



PBS RPMI RPMI+
Wash media type PBS, pH 7.4 RPMIl—_164O + _2.05 mM | RPMI-1640 + _2.05 mM
-glutamine L-glutamine

Plasma isolation

Blood dlll_Jted in No No Yes
wash media?

Centrifugation
speed, time 1200xG, 10 min 1200xG, 10 min 800xG, 10 min

(deceleration (deceleration: 9) (deceleration: 9) (deceleration: 0)
setting)
Buffy coat
separation

Separation method

Leucosep tube +
Ficoll-Paque Plus

Leucosep tubc: +
Ficoll-Paque Piu

Ficoll-Paque Plus
overlay method

Centrifugation
speed, time

(deceleration
setting)

1000xG, 10 min
(deceleration: 0)

1000xG, 7 1..%
(decelerction 0)

800xG, 25 min
(deceleration: 0)

Wash steps

Number of wash
steps

Centrifugation
speed, time

(deceleration
setting)

400xG, 10 min
(deceleration: 9

+00xG, 10 min
(deceleration: 9)

400xG, 10 min
(deceleration: 4)

Final spin before
freezing

Centrifugation

speed, time 400xG I0.~n 400xG, 10 min 200xG, 10 min
(deceleration (decele -atioii: 9) (deceleration: 9) (deceleration: 0)

setting) N

Average 25 hr

processing time

2.5hr

1.5 hr
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Figure 1. Comparison of AIM" CD4 T cell responses to the SARS-CoV-2 spike protein
between the PBS, RPMI, and RPMI+ processing methods. (A) A representation of the
differences in AIM" CD4 T cells, defined as OX40'CD137", between the different processing
methods for each stimulation condition is presented. Numbers are the percentage AIM" of total
CD4 T cells. Comparisons of AIM* CD4 T cells between processing methods are shown for the

(B) DMSO- and (C) PHA-stimulated conditions. The (D) magnitudes and (E) stimulation indices



of Spike MP-stimulated AIM* CD4 T cells are also compared between processing methods. All

bars are at the median of each group. (F) An example of the differences in memory subsets of

AIM* CD4 T cells by processing method is shown. Numbers are the percentage of each subset

in AIM™ CD4 T cells; black color corresponds to the bulk CD4 T cell population while red

corresponds to the AIM™ CD4 population. (G) Changes in each AIM® CD4 memory subset are

compared between the different processing methods. Boxes are at the median and 1% and 3"

guartiles, and whiskers are at the minimum and maximum. Statist’cal differences between

groups were calculated using the Wilcoxon signed-rank test. Da’a i from 8 independent

experiments.
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Figure 2. Differences in the single expression of OX40 or CD137 on CD4 T cells between
the PBS, RPMI, and RPMI+ processing methods. Representative samples of singular (A)
0OX40 or (B) CD137 expression on CD4 T cells following DMSO, Spike MP, and PHA
stimulation for each processing method are shown. Numbers are percentage OX40" or CD137"
of total CD4 T cells. Comparisons of the proportions of OX40" CD4 T cells between processing
methods for the (C) DMSO- and (D) PHA-stimulated conditions are presented, followed by the
(E) magnitudes and (F) stimulation indices of OX40 expression fo'iowing Spike MP stimulation.
For CD137" CD4 T cells, proportions are compared between prr.ce>shig methods for the (G)
DMSO- and (H) PHA-stimulated conditions, as well as for (I) the magnitudes and (J) stimulation
indices of CD137 expression following Spike MP stimul=Z~n. All bars are at the median.
Statistical differences between groups were calculated us..>q the Wilcoxon signed-rank test.

Data is from 8 independent experiments.
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Figure 3. Comparison of AIM* CD8 T cell responses to the SARS-CoV-2 spike protein
between the PBS, RPMI, and RPMI+ processing methods. AIM® CD8 T cells were defined as
CD69'CD1377, and (A) an example of differences in the background, spike-specific, and PHA-
stimulated AIM*™ CD8 responses between the different processing methods is presented.
Numbers are the percentage AIM* of total CD8 T cells. Comparisons of the proportions of AIM*
CD8 T cells between processing methods are shown for the (B) DMSO- and (C) PHA-
stimulated conditions. The (D) magnitudes and (E) stimulation ind’ces of Spike MP-stimulated
AIM* CD8 T cells are also compared between processing methcas. Ai bars are at the median.
(F) An example of the differences in AIM* CD8 T cell memor 7 suhsets by processing method is
shown. Numbers are the percentage of each subset in £:*1 ~D8 T cells; black color
corresponds to the bulk CD8 T cell population while bl'a ¢~ rresponds to the AIM™ CD8
population. (G) The shifts in each AIM® CD8 memu Vv ~ubset between the different processing
methods are presented. Boxes represent *1e riedian and 1% and 3™ quartiles while whiskers are
at the minimum and maximum. Statistic ! differences between groups were calculated using the

Wilcoxon signed-rank test. Data is fron 8 independent experiments.
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Figure 4. Differences in the sinygle expression of CD69 or CD137 on CD8 T cells between

the PBS, RPMI, and ~”N.'+ processing methods. Representative samples of singular (A)

CD69 or (B) CD137 expiession on CD8 T cells following DMSO, Spike MP, and PHA

stimulation compared between the different processing methods are shown. Numbers are the

percentage CD69" or CD137" of total CD8 T cells. Comparisons of CD69" CD8 T cells between

processing methods are presented for the (C) DMSO- and (D) PHA-stimulated conditions. The

(E) magnitudes and (F) stimulation indices of Spike MP-induced CD69 expression are also

compared between processing methods. For CD137* CD8 T cells, differences in CD137

expression between processing methods for the (G) DMSO- and (H) PHA-stimulated conditions



and changes in the (I) magnitudes and (J) stimulation indices following Spike MP stimulation are
presented. All bars at the median. Statistical differences between groups were calculated using

the Wilcoxon signed-rank test. Data is from 8 independent experiments.
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Figure 5. Comparison of SARS ‘JoV 2 spike-induced IFNy production by T cells
processed using the PBS, k™M, and RPMI+ methods. (A) An example of the differences in
the numbers of IFNy spo’ foiming cells (SFC)/2.5x10° PBMC for each stimulation condition
between processing meth yds is shown. Numbers to the bottom right of each well are the
number of SFC per well. Comparisons in the numbers of IFNy SFC/10° PBMC between the
different processing methods are shown for the (B) DMSO- and (C) PHA-stimulated conditions.
The (D) magnitudes and (E) stimulation indices for IFNy SFC/10° PBMC are compared between
processing methods. All bars are at the median. Statistical differences between groups were
calculated using the Wilcoxon signed-rank test. All conditions were run in triplicate. Data is from

9 independent experiments.



Supplementary Tables

Supplementary Table 1. Antibodies for AIM T cell assay

Antigen Fluorophore Clone Species | Dilution | Manufacturer (Njgtalog
CcD3 BUV395 UCHTL |Mouse |150 |BP 563546
Biosciences
CD4 FITC SK3 Mouse | 1.50 BioLegend 344604
CD8 BV510 SK1 Mouse 1:50 BioLegend 344732
CD14 Pacific Blue M5E2 Mouse | 1:100 BioLegend 301828
CD19 Pacific Blue HIB19 Mouse | 1:100 BioLegend 302232
CD45RA BV785 HI100 Mouse | 1:50 BioLegend 304140
CD56 Pacific Blue MEM-188 | Mouse | 1:100  BioLegend 304629
CD69 PE/Cyanine? FN50 Mouse | 1:31 | BioLegend 310912
CD134 Ber- y, .
(OX40) PE ACT35 Mouse I :33 BioLegend 350004
CD137 APC 4B4-1 Mouse | .33 BioLegend 309810
(41BB) I
CD185 v .
(CXCRS) Alexa Fluor 700 J252D4 Mgus; 1:100 BioLegend 356916
?C[z:lli\?;) PerCP/Cyanine5.5 | GO43H7 . M2vse | 1:50 BioLegend 353220
%D279 (PD- | PE-Dazzle594 | EM12.°H™ | Mouse |1:550 | BioLegend | 329940
Zombie UV
Fixable - - - 1:100 BioLegend 423108
Viability A




Supplementary Figures
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Supplementary Figure 1. Gatir, strategy for identification of AIM* CD4 and CD8 T cell

populations and memor ~uczets. (A) Lymphocytes were identified by forward scatter (FSC)

and side scatter (SSC). Then singlets were gated on by FSC height and area and SSC height

and area. Negative staining for the Zombie UV viability dye, which is detected in the DAPI

channel, was used to identify live cells. B cells, monocytes, and NK cells were excluded using a

dump channel, and then T cells were positively selected for by CD3 expression. CD4 and CD8

T cells were then identified. (B) AIM* CD4 T cells were defined as OX40"'CD137" and (C)

memory subsets in bulk CD4 T cells and AIM* CD4 T cells were identified via differential

expression of CCR7 and CD45RA based on fluorescence minus one controls. (D) Similarly,

AIM* CD8 T cells were identified as CD69*CD137" and (E) memory subsets were also identified



through CCR7 and CD45RA expression based on fluorescence minus one controls. All numbers

refer to percentage of the parent population.
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Supplementary Figure . Correlations between background IFNy-producing cells and
CD69-expressing CD8 T cells. (A) The association between numbers of IFNy SFC/10° PBMC
in the DMSO condition and the corresponding proportion of CD69" CD8 T cells for the same
sample is presented across all processing methods (n=55). The associations between
background IFNy SFC/10° PBMC and percentages of CD69* CD8 T cells are also shown for
samples processed with the (B) PBS method (n=18), (C) RPMI method (n=18), and (D) RPMI+
method (n=19) separately. All correlations were calculated using Spearman’s correlation

coefficient. Lines of best fit were determined using a log-log line nonlinear regression.



